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Abstract. — Spectral coefficients of spontaneous emission and absorption (for 365 nm < A <820 nm range) due to
jion-atom radiation processes HY + H(1s) & H+ (1Zg) and HY +H(1s) < H(1s)+H" are presented. Calculations have
been performed within semiclassical approach for standard solar photosphere and chromosphere models. The presented
numerical results enable the inclusion of considered ion-atom radiative processes in the optical depth calculation for the
layers mentioned. These results might be of interest as well for other astrophysical plasmas with dominant hydrogen

component and temperatures around 6000 K.
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1. Introduction

We present here results of our calculations of the contri-
bution of ion-atom radiative processes:

HY + H(1s) & e + HF (1), (1a)

Ht + H(lsl) o &) + H(1s) + HY, (1b)

to the solar photosphere and chromosphere continuous
spectra in the optical range. Here ¢, is the energy of pho-
ton with wavelength A, where 365 nm < A < 820 nm.
Our calculations have been made within semiclassical ap-
proach (Drukarev & Mihajlov 1974; Mihajlov & Popovié
1981; Mihajlov & Dimitrijevié¢ 1986). It was demonstrated
recently (Mihajlov et al. 1993) that the influence of pro-
cesses (la, b), neglected up to now, is significant in some
photospheric and chromospheric layers.

In this paper, the calculations of the contribution of
processes (la,b) to the solar continuous spectra, for the
commonly used photospheric (Maltby et al. 1986, their
Table 11) and chromospheric (Vernazza et al. 1981, their
model C) models are presented. We provide data for the
whole height range for both models in order to avoid in-
conveniences due to artificial interruption near the fitting
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point. In the considered range we compare the contribu-
tion of processes (1a,b) with the contribution of electron-
ion and electron-atom radiative processes, including the
processes of creation and photodissociation of H~ ion (Mi-
halas 1978). The particular contribution of process (1a)
and (1b) has been determined separately.

2. Basic relations

Spectral characteristics of the solar plasma, related to ion-
atom processes (1a) and (1b), i.e. partial spectral emis-

sivity e(" b)()«) and partial spectral absorption coefficient
K2 b)(/\) will be searched in the form

= SEP )N (HY) N(H),
= KM ()N (HY) N(H) (2)

where N (H+) and N(H) are proton (H*) and atom H(1s)
densities. The total spectral emissivity and total spectral
absorption coefficient, i.e.

(V) = P MN+P() and  kia(V) = £B )+ (),
will be presented here in the same form:

&ia(A) = Si(A)N (HY) N(H),
K'ia(/\) = Kia(A)N (H+) N(H)v (3)
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where

SPN+ 5D,
EDO)+ KD,

Sin(A) =
Kia(’\) (4)

The spontaneous emission spectral coefficient S;, char-
acterizes the total contribution of the photoassociation
process (la) and photoemission charge exchange pro-
cess (1b). Similarly, the absorption spectral coefficient
K. characterizes the total contribution of the photodis-
sociation process (la) and the photoabsorption charge
exchange process (1b).

The coefficients S;, and K;, have been determined
within the semiclassical approximation by Mihajlov &
Popovié (1981) and Mihajlov & Dimitrijevi¢ (1986) and
may be expressed as

Sia(A\, T) = 4.7769 10—340(?_)25*1;:‘“) ( 5 R,,)5
exp —y-%g—’\—)- , (5)
Kin(A\,T) = 0.620 10~42 ¢ (f*_)is*lé:°)49(,\,T)
exp [- L] Q
where T is the plasma temperature and
_[2D12(B)]* | 1—ao/Rs
C(RA)—[ ;R,\ ] Y(Ry) '’
o\T)=1 —exp( kT)
_ dln [Elg(R)/2Ry]
7(RA) = d(R/ao) ReRy ’
E13(R) = Us(R) — Ur(R). (7)

Here, R is the distance between protons (in the system
H* +H), U;(R) and U,(R) - adiabatic terms of the ground
(1XZg) and the first excited (1Z,) electronic states of the
ion HY, and D;3(R) - module of dipole matrix element
(between these states). Finally, Ry is the root of the

equation:
E12(R) = €3, (8)

where €, = 2nhc/)A. The adiabatic terms U 3(R) and
the matrix element D;o(R) are tabulated (as functions of
R) in Bates et al. (1953) and Ramaker & Peak (1973),
respectively.

With given numerical coefficients in Eqs.(5) and (6)
spectral coefficients Si (A, T') and Kj,(\,T) are expressed
here in [J cm® 57! nm~!] and [cm™!] units, respectively.

We will take here the partial spectral coefficients S.(: b)

and K> in the form:

K(a b) _ K(a b)x(a b)

Si(:’b) = SiaX(a'b)v

(9)

where
X® 4 x®) =1, (10)

According to Mihajlov & Dimitrijevié (1986), param-
eters X(®P) may be expressed as

8o Y3/22Z) _T(3/2;2)
X®(Z)=0, X®)(Z)=1, (for Z2<0) (11)
where
z= L), (12)

and v(3/2; Z), I'(3/2; Z) are incomplete Gamma, func-
tions. In the considered A range we have U; (R,) < 0 and
= |Uy (R»)] /kT.

Since according to Eq. (10) it is sufficient to determine
only one of these parameters, we will use the parame-
ter X(®) characterizing only radiative charge exchange,
i.e. process (1b), in accordance with our previous article
(Mihajlov & Dimitrijevié 1986).

Parameters Ry and U, 2 (R,), needed for the calcula-
tion of Si. and Kj, for 250 nm < A < 950 nm range, are
tabulated in Mihajlov et al. (1983). In this A range R, and
Uz (Ry) may be fitted well with the following expressions:

R) =1.373471nA—4.41481, U, (R)) = 90.5631 \~1-20962
(13)
where R, and U, (R,) are expressed in atomxc units and
Ain nm.
The function X (*)(Z) is tabulated in Mihajlov & Dim-
itrijevi¢ 1986, for 0.6 < v/Z < 3.0 range. As shown in this
Ref., X(*)(Z) may be expressed in the form

X®)2)=1-8(VZ) + (2/v7) - VZexp(-2), (14)

where ® is the error function (Abramowitz & Stegun
1972).

3. Results and discussion

Our calculations have been based on standard photo-
spheric model of Maltby et al. (1986) and standard chro-
mospheric model of Vernazza et al. (1981, model C).
Plasma parameters T, N, N(H) and N (H') for the men-
tioned models are presented in tables 1.1 and 1.2 as func-
tions of height (h). In these tables are presented as well
parameters

N (HY)
N,

N(H)
M ’

and  7ej = Tea

ea=
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where N; is the total density of positive atomic ions. They
help to represent relative contributions of (1a,b) processes
compared to electron-ion (1) and electron-atom (7e,)
processes separately (see Mihajlov et al. 1993).

Spectral coefficients Sia(A,T) and Kja(A,T) as func-
tion of T for different A are shown in Figs. 1 and 2 for
T < 10*K. The behavior of factor XP(Z) is illustrated in
Fig. 3.

Emissivity €;,(), T') and absorption coefficient &, (), T')
are presented in Tables 2.1, 2.2 and 3.1, 3.2, respectively.
Tables 2.1, 3.1 correspond to photospheric, and 2.2, 3.2
to chromospheric models. In these tables the tempera-
ture range is limited to 7 < 10*K and the wavelength
range is 365 nm < XA < 820 nm. The presented tables
enable direct inclusion of the influence of (1a,b) processes
for calculations of spectral characteristics (first of all the
optical depth) of the considered photospheric and chromo-
spheric layers, within standard solar atmosphere models
used here.

The relative contribution of (1a) and (1b) processes to-
gether, compared to the total electron-atom and electron-
ion processes contribution is illustrated in Figs. 4.1 and
4.2. These figures show the change of

F=_"0 (16)
€ei T Eea

quantity as a function of height (h), where €¢; and e, are
total contributions of free-free and free-bound transitions
during electron-ion and electron-atom scattering respec-
tively. If LTE exists, the quantity F' represents the ratio of
corresponding absorption coefficients as well. We assume
here that

Eei = feiSeiNeza €ea = £eaSeaN(H)Ne’ (17)

where the corresponding spectral coefficients Se; and Sea
have been determined for the purely hydrogenic plasma
and the Biberman-Norman factor £; as well as the factor
£.a take into account the real composition of photospheric
and chromospheric plasma, i.e. the presence of Na*, Mg™,
Al*, Cat ions as well as the presence of helium atoms.

Figures 4.1 and 4.2 show that F, as a function of A,
has a minimum in 100 km < h < 600 km range which
coincides with the temperature minimum (see Tables 1.1
and 1.2). The minimum of F' appears because the relative
hydrogen contribution to the free electron density in this
range is very small (Vernazza et al. 1981).

The behavior of X(®) parameter, defined by Eqgs. (9-
14), as a function of h, is presented in Figs. 5.1 and
5.2. These figures show that X(®) has a minimum which
coincides with the minimum of function F. This minimum
is the result of X(®)(Z) dependency (see Eq. (11) and
Fig. 3) where is Z ~ 1/T (see Eq. (12)).

In Figs. 4.1 and 4.2 the ranges where processes (1a,b)
are of influence (e.g. where the value of the quantity F
is 0.04 — 0.12) are shown. Moreover, in Figs. 5.1 and 5.2,
is shown that outside the photospheric minimum sur-
roundings, the influence of the radiation charge exchange
processes (1b), due to H* and H(1s) collisions, is compa-
rable and somewhere surpasses the influence of (1a), i.e.
photoassociation H* and H(1s) and photodissociation of
molecular ion H} (1%;).

Figures 4.1, 5.1 concern the photospheric and 4.2,
5.2 the chromospheric model. We can see that within
both models, the results obtained are qualitatively similar
but for particular layers quantitative differences exist as
expected.

4. Conclusion

These results illustrate the influence of (1a,b) radiative
processes involving Ht and H(1s) on spectral characteris-
tics for particular photospheric and chromospheric layers.
The numerical results presented enable the inclusion of
ion-atom radiative processes (1la,b) in the optical depth
calculation for the mentioned layers. Our results might be
of interest as well for other astrophysical plasmas with a
dominant hydrogen component and temperatures around
6000 K.
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Fig. 1. Spectral coefficients Sj(), T') for spontaneous emission due to (1a) and (1b) reactions together, are presented as a
function of T for 365 nm < A < 820 nm
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Fig. 2. Spectral coefficients Kj,(), T) for absorption due to (1a) and (1b) reactions together are presented as a function of T
for 365 nm < A < 820 nm
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Fig. 3. Parameter X(b)(Z) defined by Eq. (11),for Z >0
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Fig. 4.1. Behavior of parameter F(}), defined by Eqs. (16) and (17), as a function of height &, for 365 nm < A < 820 nm for
the photospheric model of Maltby et al. (1986)
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Fig. 4.2. Same as in Fig. 4.1. but for the chromospheric model of Vernazza et al. (1981, model C)
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Fig. 5.1. Behavior of parameter X(b)(Z), where Z = |Uy (R))|/kT, defined by Egs. (9-14), as a function of height h, for
365 nm < A < 820 nm for the photospheric model of Maltby et al. (1986)
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Fig. 5.2. Same as in Fig. 5.1. but for the chromospheric model of Vernazza et al. (1981, model C)
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